The flashed face distortion (FFD) effect was coined by Tangen, Murphy, and Thompson (2011) in their second-place winner of the 2012 Best Illusion of the Year Contest. The FFD arises when people view various eye-aligned faces that are sequentially flashed in the visual periphery, and gradually the faces appear to be deformed and grotesque. In this functional magnetic resonance imaging (fMRI) study, participants were presented with four conditions: (a) one face pair changing only its illumination; (b) two and (c) three alternating face pairs; and (d) nonrepeated face pairs. Participants rated the magnitude of each illusion immediately after each block. Results showed that the receptive region of the early visual cortex (V1-V4), and category-selective areas such as the fusiform face area (FFA) and occipital face area (OFA), responded proportionally to the participants' rated FFD strength. A random-effects voxelwise analysis further revealed positively correlated areas (including the medial and superolateral frontal areas) and negatively correlated areas (including the precuneus, postcentral gyrus, right insula, and bilateral middle frontal gyri) with respect to participants' ratings. Time series correlations among these nine ROIs (four positive and five negative) indicated that most participants showed a clustering of the two separate ROI types. Exploratory factor analysis (EFA) also demonstrated the segregation of the positive and negative ROIs; additionally, two subsystems were identified within the negative ROIs. These results suggest that the FFD is mediated by at least two networks: one that is likely responsible for perception and another that is likely responsible for subjective feelings and engagement.
Introduction
Illusions are misinterpretations of true stimuli or distortions of the outside world resulting from brain mechanisms that work extraordinarily well most of the time (Gregory, 1968) . Visual processing usually chooses the most efficient, rather than the most accurate, routes (i.e., heuristics), thereby producing illusions. Therefore, illusions are more related to the brain's interpretation of the external sensory input than to the stimuli per se (Eysel, 2003) .
A number of neuroimaging studies have shown that neural activities in sensory areas are involved in the illusions. Examples include a portion of the colorselective area in the ventral occipital cortex found to be activated when participants perceive illusory color (Morita et al., 2004) ; the hMTþ activated in the Rotating Snakes illusion despite its stationary display in reality (Kuriki, Ashida, Murakami, & Kitaoka, 2008) ; and the comparative stronger FFA activities when participants perceive faces (vs. vases) in the Rubin's vase-face illusion (Andrews, Schluppeck, Homfray, Matthews, & Blakemore, 2002; Hasson, Hendler, Ben Bashat, & Malach, 2001) . These studies illustrate the usefulness of neuroimaging in unraveling the neural underpinnings of various illusions.
Similar to the above-mentioned studies, the present research aims to investigate the neural correlates of the flashed face distortion (FFD; Tangen, Murphy, & Thompson, 2011) . The FFD is commonly illustrated by presenting a series of eye-aligned faces, at an optimal frequency of 2-4 Hz, in the visual periphery. After fixating on the central cross while faces are presented bilaterally, people gradually perceive that facial fea-tures (such as eyes and mouths) become distorted and occasionally even bizarre or grotesque.
Despite the FFD's overwhelming popularity, there seems to be no follow-up work after the initial publication by Tangen et al. (2011) , who suggested that relative encoding, i.e., encoding each face in comparison to others in the visual periphery, may play a role in the disproportionate magnification of featural differences. Echoing the observation above, our prior series of experiments (Wen & Kung, 2012) found that the perceived FFD strength was compromised when the number of faces was small.
Given the behavioral findings we have noted, in this fMRI study, we manipulated the number of faces in different blocks (1, 2, 3, or 64) to vary the perceived FFD strength. Early and intermediate visual areas (from the primary visual cortex to face-selective areas) were functionally defined as regions of interest. Additional brain regions that were significantly correlated with the perceived FFD strength were identified by voxelwise multiple regression. Lastly, functional connectivity using exploratory factor analysis was carried out to further categorize these brain regions subserving the FFD. We hypothesize that, because the FFD involves perceptual and emotional components, separable neural networks corresponding to these aspects could be characterized.
Methods Participants
Fourteen healthy participants (eight male and six female) with normal or corrected-to-normal vision participated in the experiment (age range ¼ 20-33 years, M ¼ 23.36, SD ¼ 3.16). The participants gave informed consent before the study began and were paid 500 NTD after completion.
Stimuli and procedure
A set of 100 eye-aligned Slovakian faces obtained from the supplementary online materials (http://dx.doi. org/10.1068/p6968) provided by Tangen et al. (2011) were used in this experiment. Stimuli presentation was rear-projected onto a screen inside the MRI scanner that was situated 95 cm from the observer. Participants viewed the display through a mirror that was placed above the head coil. Two series of sequential face images (7.5 cm · 5 cm) were presented peripherally, 38 to each side of the fixation point to produce the FFD illusion. Participants were asked to keep their eyes fixated on the cross during the presentation to achieve the optimal effect. Stimulus presentation was controlled in Matlab (2009a, The MathWorks, Inc., Natick, MA) using Psychtoolbox (Brainard, 1997) .
The experiment consisted of four types of blocks: control (CON), 2-Face-Repeat (2FR), 3-Face-Repeat (3FR), and No-Repeated-Faces (NRF). Each quad of blocks was presented a total of eight times across four runs. In the CON condition, the pair of faces was fixed and changed only in its illumination. In the 2FR condition, two alternating pairs of faces were presented. In the 3FR condition, a sequence of three face pairs cycled repeatedly. Finally, the NRF condition consisted of a sequence of nonrepeated face pairs, where each face pair appeared just once (see Figure 1) . In all four block types, each illumination or face was shown for 250 ms before being consecutively followed by the next illumination or face. The order of each block was pseudorandomized; the faces were randomly chosen for each block and programmed not to overlap in the CON, 2FR, and 3FR conditions. The duration of each block was 16 s, followed by the administration of a 4-point scale that lasted up to 4 s until the participant completed rating the degree of perceived deformation of the faces (with 1 indicating the weakest and 4 indicating the strongest face deformation) by pressing a button on a response pad. Afterwards, a 12-s interblock fixation/rest period preceded the next block.
ROI localizing experiments
Functional localization of face-responsive areas Pictures of bodies, Caucasian faces, scenes, and cars were presented within the blocks to the participants. Each block contained 20 images of the same category, centered at the fixation; each stimulus was displayed for 350 ms, followed by a 350-ms interstimulus interval, for a total of 14 s per block. During the presentation, participants performed a one-back task by pressing the trigger when a stimulus was spotted appearing twice in a row. A 14-s fixation was interleaved every four blocks. Each block type was repeated four times for two runs (therefore eight times in total).
To define face-responsive ROIs, a single subject general linear model (GLM) was applied, with the contrast of faces versus scenes, thresholded at the false discovery rate (FDR) of q , 0.05 to correct for multiple comparisons. Three common face-responsive areas were delineated for each participant, including the fusiform face area (FFA), the occipital face area (OFA), and the superior temporal sulcus (STS). As facial processing is dominated by the right hemisphere (Haxby, Hoffman, & Gobbini, 2000) , the subsequent analyses exclusively focused on the right FFA, OFA, and STS.
The rFFA was identified in all 14 participants, with average Talairach Figure 2a .
Retinotopic mapping of early visual areas
To define the retinotopic visual areas, a flickering checkerboard (4 Hz) superimposed onto a rotating bowtie (458 each side) was used. The rotating bowtie completed a full cycle every 32 s and each run included eight cycles. While fixating on the center of the screen, participants were given a fixation-dimming detection task to help maintain their focus on the stimuli. At the center of the screen, the fixation dimmed at random times throughout the run and participants were asked to press a button if dimming was detected. Each participant completed five or six runs.
Retinotopic maps for each participant were obtained by performing cross correlation analyses, followed by the delineation of areas V1v/d, V2v/d, V3v/d, and V4v/ d. Activation maps of the FFD conditions were individually created by contrasting areas that responded more strongly to the FFD blocks than fixation (with q , 0.05 as the threshold). This map was then overlapped with the retinotopic maps of each participant to circumvent the FFD task-related areas in the early visual cortex. These early visual ROIs spread over V1-V4 (Wandell & Smirnakis, 2009; Warnking et al., 2002) .
Visual areas V1v/d, V2v/d, V3v/d, and V4v/d were delineated in each participant and overlapped with FFD task-driven activation (see Figure 2b) . In one subject, we could not delineate V4d in the left hemisphere.
Imaging parameters and data analysis
Imaging was performed using the GE MR750 3T scanner (GE Medical Systems, Waukesha, WI) located in the MRI center of National Cheng Kung University. High resolution anatomical images were acquired using fast spoiled gradient echo (fast-SPGR), consisting of 166 axial slices (TR ¼ 7.6 ms, TE ¼ 3.3 ms, flip angle ¼ 128, 224 · 224 matrices, slice thickness ¼ 1 mm). Functional images were acquired using a gradient-echo echo-planar imaging (EPI) pulse sequence (TR ¼ 2000 ms, TE ¼ 33 ms, flip angle ¼ 768, 64 · 64 matrices, slice thickness ¼ 3 mm, no gap, voxel size 3 · 3 · 3 mm 3 , 40 axial slices covering the entire brain).
Data were preprocessed and analyzed using BrainVoyager QX (Brain Innovation, Maastricht, The Netherlands). Functional images were corrected for head movements using six-parameter rigid transformations, after slice timing correction, by realigning all volumes to the first functional volume. Neither high-pass filtering nor spatial smoothing was applied. For each participant, the functional scan was coregistered to the anatomical scan and then transformed into Talairach space (Talairach & Tournoux, 1988) . ROI analyses for face-responsive areas were applied in this volume space. For retinotopic mapping, the anatomical volume for each subject was inflated, cut along the calcarine sulcus, and flattened into a surface map. 
Time course analysis and ROIs
To obtain the BOLD responses for each condition in the FFD experiment, event-related averaging was performed within each participant's ROIs. The BOLD signal responses were then averaged across the stimulation presentation period (3-10 time points with respect to the onset of the FFD display to account for hemodynamic response delay) for each block type. The data from early visual areas were averaged across the two hemispheres. The four FFD conditions (CON, 2FR, 3FR, NRF) were analyzed using a one-way repeated-measure ANOVA, and the post hoc t tests assessed how activations differed among these conditions.
To link the brain activities and subjective perceptual FFD strength, a multiple regression analysis was performed using the average ratings from the four conditions as predictors and a dummy variable for each subject (as done in Morita et al., 2004) . Thus, each subject provided four data points in the analysis. First, this was performed within each predefined ROI, then in the entire brain (i.e., a random-effects voxelwise correlation) to identify voxels that showed activities correlated with the perceptual FFD strength. The regression coefficient was thresholded at p , 0.05, and a minimum contiguity of 30 voxels, as a cluster.
Functional connectivity
After identifying additional ROIs using the randomeffects voxelwise correlation analysis, we further examined their coherence of averaged time courses with one another. To this end, exploratory factor analysis (EFA) is a useful way to simultaneously categorize distinct neural systems, i.e., regions that function in accordance during a particular task. When a brain region belongs to a particular factor, it is assumed to have similar roles with other regions that belong to the same functional network (Koshino et al., 2005 The early visual areas were demarcated (V1-V4) and then overlapped with FFD task-driven activation. Peterson et al., 1999) . To perform EFA, the scans of the four runs were concatenated, and time series correlations were preformed across the nine chosen ROIs. This process was performed for every individual, and then the data were averaged across all participants, resulting in a 532 (volumes) · 9 (ROIs) matrix. The correlation matrix was then decomposed, and the factors underwent varimax rotation to separate the ROIs into higher order structures; this analysis also served as a crossvalidation of the aggregated brain networks, indicating either a positive or negative correlation with the subjects' subjective ratings.
Results

ROI analysis
In each ROI (rFFA, rOFA, rSTS, V1-ffd, V2-ffd, V3-ffd, and V4-ffd), a repeated measures one-way ANOVA was performed to compare the BOLD responses across each of the four conditions (CON, 2FR, 3FR, NRF). The graphs of average percent signal changes are shown in Figure 3 . The four experimental conditions produced a significant effect in six of the ROIs, all Fs(1, 13) . 50.11, ps , 0.001 in rFFA, rOFA, V1-ffd, V2-ffd, V3-ffd, and V4-ffd; however, a significant effect was not observed in the rSTS, F(1,11) ¼ 4.06, p ¼ 0.07. Post hoc comparisons with Bonferroni corrections (over six joint pairwise comparisons for the six ROIs) showed that a trend of NRF . 3FR . 2FR . CON was observed in each of the six ROIs described above (detailed analysis shown in Supplementary Table S1 ).
Evaluation of the manipulation of FFD strength was confirmed by calculating a high correlation between the average participant rating and the experimental condition; ratings gradually increased as the number of faces increased (r ¼ 0.989, p , 0.001, Figure 4 ). Interrater reliability (Cronbach's a ¼ 0.996) was high. 
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To account for subjective perception and stochastic variability in illusion strength, our multiple linear regression analysis examined the relationship between BOLD activity in the ROIs and participants' FFD rating. In all ROIs, the regression coefficients for participants' ratings were all significantly greater than zero-all ts(41) . 8.72, ps , 0.001 in rFFA, rOFA, V1-ffd, V2-ffd, V3-ffd, and V4-ffd; t(35) ¼ 3.03, p ¼ 0.005 in rSTS-indicating a positive correlation between subjective perceptual strength and PSC, as shown in Figure 5 .
Thus, each participant provided four data points. A multiple regression analysis of participant ratings and BOLD response in each ROI, with a dummy variable for each participant, showed linear trends that were significant in all seven ROIs. All ts(41) . 8.72, ps , 0.001 in rFFA, rOFA, V1-ffd, V2-ffd, V3-ffd, and V4-ffd; t(35) ¼ 3.03, p ¼ 0.005 in rSTS.
Random-effects voxelwise analysis
To identify all brain regions that showed activity in accordance with subjective FFD strength, a randomeffects voxelwise correlation analysis was performed for all brain voxels. As expected, there was a huge patch of the extrastriate cortex, extending to engulf the OFA and FFA, significantly correlated with subjects' ratings.
In addition to these visual areas, other parietotemporal-frontal areas, including the precuneus, bilateral middle frontal gryus, right insula, postcentral gyrus, and left superior temporal sulcus, all negatively correlated with the FFD strength, and both the bilateral medial, inferior, and superior frontal gyri positively correlated with perceptual FFD strength (see Table 1 , Figures 5 and 6 ).
ROI time course correlations
Pearson's correlation coefficients for the concatenated time courses (collapsing the four FFD runs) between the identified ROIs were calculated. The values of the correlation coefficients ranged from 0.25 and 0.81. The lowest correlation was between the right inferior frontal and left middle frontal gyri; the highest correlation was between the left and right inferior frontal gyri. The average correlation coefficient across all of the selected ROIs was 0.46.
As the ROIs can be divided into those that were positively and negatively correlated with BOLD activity, it would be worthwhile to compare these ROIs separately. The average coefficient for the positively correlated ROIs (i.e., visual areas, bilateral medial and superolateral frontal areas) was 0.73; the average coefficient for the negatively correlated ROIs (i.e., precuneus-postcentral gyrus, right insula, bilateral middle frontal gyri, and left superior temporal sulcus) was 0.5 (the difference, t(12) ¼ 3.72, p ¼ 0.002). In contrast, the average the time series correlation between positively and negatively rating-correlated ROIs was 0.36 (see Figure 8b ). These regions showed significant differences between same and different directions of correlation, t(32) ¼ 5.35, p , 0.001.
Exploratory factor analysis
We subsequently performed an exploratory factor analysis on the ROI data to further elucidate their internal structure, to further explore the relationship within and between positively and negatively ratingcorrelated ROIs. Typically, the outcomes of exploratory factor analysis would show their clustering between ROIs of similar time series.
As shown by the factor loadings in Table 2 , decomposition of the correlation matrix suggested the extraction of three factors. The first factor consisted of the four positive rating-correlated ROIs (visual areas, medial frontal gyrus, and bilateral superolateral frontal areas). The second factor was dominated by the precuneus-postcentral gyrus, the right insula, and the left superior temporal sulcus. The last factor was the left and right middle frontal gyri pair. Therefore, not only can these nine ROIs be divided into positively and negatively correlated subgroups, the negative group can be further separated into two subsystems. To verify the results above and compare the effect of different inputs on the EFA outcome, the same procedure was performed on the concatenated time courses corresponding to each condition. Similar results were obtained and shown in the supplementary materials.
Discussion
The present study aims to investigate the neural substrates of the FFD effect. By manipulating the strength of the illusion with the number of faces presented per cycle, we found that the BOLD responses in the retinotopy-defined early visual areas and the localizer-defined face-selective areas (rFFA, rOFA, and rSTS) both showed corresponding changes (Figure 3 ), which correlated with the subjects' ratings ( Figure 5 ). In addition, voxelwise correlations revealed not only the above-mentioned visual areas (corroborating with the results from ROI analysis approach), but also frontal, temporal, and parietal rating-correlated regions ( Figure 6 ). The average time course of these nine ROIs (Figure 7 ) can be visually categorized into two groups: one convex (outlined in red) and one concave (outlined in blue) in shape. To further examine the relationship among these nine ROIs, a time series correlation matrix was constructed (Figure 8a ). Regions that were positively correlated with ratings showed higher intracorrelations (0.73) than those regions that were negatively correlated with ratings (0.5); and both were larger than the intercorrelation (0.36) between these two groups. Finally, an exploratory factor analysis independently verified the separation of positively and negatively correlated areas and determined that the negative areas could be further divided into two subsystems ( Table 2 ). The aforementioned systems that were positively and negatively correlated with ratings are most likely jointly tuned to the perception-and appraisal-related processing of the FFD. Among the positively correlated regions, the visual-parietal areas have been associated with perception- (de Borst et al., 2012; Woolgar, Thompson, Bor, & Duncan, 2011) , action- (Corina et al., 2007) , and attention-related (Roth, Johnson, Raye, & Constable, 2009 ) processing of stimuli. The medial frontal region is related to motor (Baumann et al., 2007) and attentional (Habeck et al., 2005) processing, and is also a component of the default mode network (Wang et al., 2007) . The bilateral superolateral areas have been associated with the integration of emotion and cognition (Ray & Zald, 2012) . Regarding the negatively correlated regions, within the first subsystem, the precuneus and postcentral gyrus (Cavanna & Trimble, 2006) have been associated with selective attention Degerman, Rinne, Salmi, Salonen, & Alho, 2006) and the detection of agency in person attribution (Mar, Kelley, Heatherton, & Macrae, 2007) , the right insula has been associated with negative emotions (Damasio et al., 2000; Fan et al., 2011; Suslow et al., 2009) , and the left superior temporal sulcus has been associated with emotional face appraisals (Grosbras & Paus, 2006) . The second subsystem, the bilateral middle frontal gyri, is also part of the default network, which is a system for internal mental activity that works in competition with external sensory processing (Buckner, Andrews-Hanna, Schacter, 2008; Fox et al., 2005) ; therefore, greater attention to external stimuli results in less activity in the default network. Deactivations of the middle frontal areas have also been reported when subjects showed decreased self-awareness in highly engaging perceptual tasks (Goldberg, Harel, & Malach, 2006) and may be associated with task-engagement/absorption in the FFD. Given the intricate inner workings of perception and emotion, and the inherent problems that are associated with reverse inference (Ramsey et al., 2010) , currently we can only speculate on the functional roles of these systems. The individual differences among the 14 subjects (as shown in Figure 8a ) may concur with the two-system hypothesis, i.e., the segregation of perceptual and emotion/engagement systems. The higher correlations of positively rating-related ROIs (r ¼ 0.73) relative to the negatively rating-correlated ROIs (r ¼ 0.5) may reflect the notion that, although participants perceptually process FFD stimuli quite similarly, they differ in their subjective appraisals of grotesqueness, bizarreness, and the variable temporal engagement of the illusion.
In the literature, there is a related phenomenon called the face distortion after-effect (FDAE, Webster & MacLin, 1999) . The FDAE occurs when participants spend several seconds to several minutes staring at an artificially distorted face, followed by viewing a normal face, making the normal face appear ''distorted'' in the opposite direction, such as an elongated chin becoming shortened. Both human psychophysics (Leopold, Rhodes, Muller, & Jeffery, 2005) Greenlee, 2012; Nagy, Zimmer, Greenlee, & Zimmer & Kovacs, 2011) . Similarly, the current study found that retinotopy-defined visual areas and face-selective areas (e.g., rFFA, rOFA, and rSTS) are also involved in the FFD. Lastly, here we have to mention a possible shortcoming of the present study: The perceived FFD strength as rated by participants confounds with the neuronal adaptations associated with the number of faces per sequence. One can argue that the different amounts of activation observed in the current study are attributed to different amounts of fMRI adaptation (fMRIa; Grill-Spector, Henson, & Martin, 2006) , defined as the reduction in the BOLD signal after repeated exposure to the same stimulus. It has been demonstrated that the BOLD response decreases in proportion to the repeated stimuli frequency (GrillSpector, Edelman, Kushnir, Itzchak, & Malach, 1999; Konen & Kastner, 2008; Rhodes, Michie, Hughes, & Byatt, 2009) . fMRIa has been used to study the responses of brain regions to invariant properties, such as viewpoints, expressions, and illumination (GrillSpector & Malach, 2001; Winston, Henson, FineGoulden, & Dolan, 2004) , where areas representing invariant properties show reduced signal after repetition. One might argue that our findings are merely that of fMRIa. Although adaptation likely plays a role in the FFD, we suggest four points worth considering. First, both blocked (Konen & Kastner, 2008) and event-related (Fang, Murray, & He, 2007; Fang, Murray, Kersten, & He, 2005) fRMIa studies have shown that short-term adaptation is not easily found in the early visual areas, but only in intermediate and high-level areas. Our display time for each individual stimulus in the FFD demonstration was 250 ms, which should cause little or no adaptation effect in the early visual areas. Hence the differential activity observed is probably attributed to top-down feedback processes from higher level areas. Second, fMRIa studies were mostly achieved through central viewing; in contrast, the FFD is exclusively generated in the peripheral vision. Kovacs et al. (2012) found minimal or no adaptation effect in peripheral representations within the early visual areas, suggesting that the parafoveal/ peripheral areas are less responsive to changes in face number. Third, our voxelwise correlation also revealed several nonvisual areas (including the frontal areas, insula, etc.) that were positively and negatively correlated with ratings, rendering the number of faces account incapable of fully explaining the pattern of our results. Fourth, in illusion aftereffects such as the FDAE, greater adaptation leads to stronger aftereffects (Kovacs et al., 2008; Rhodes, Jeffery, Clifford, & Leopold, 2007) . In contrast, the FFD paradigm found stronger illusion strengths in the less adapted conditions, with associative higher BOLD signals. In other words, in the FFD, decreased BOLD adaptation is associated with a stronger FFD illusion. Despite the evidence that is incompatible with the adaptation account, we still acknowledge that a future study may consider including another category of objects (such as cars or houses) that does not cause the FFD as a control category. Such an experiment would help tease apart the effects caused by the FFD and different adaptations caused by the varying number of stimuli per sequence. However, such a proposal will still need to control for other factors when making comparisons with faces, such as eye alignment, shape similarity, and significance/salience, just to name a few.
Conclusions
In conclusion, our findings provide the first look into the brain networks that are responsible for the FFD. They consist of the early visual areas, face-selective areas, and two additional groups including nonvisual regions: one for perceptual processing, and two other subsystems for aspects of emotion and/or engagement.
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